In this work, the photoacoustic method is employed to monitor the copolymer formation from ethylene vinyltrimethoxy silane and grafted vinyltrimethoxy silane on low-density polyethylene when cross-linked using water saturated vapour. Photoacoustic spectra at overtones of -CH 2 -, -CH 3 -and -OH showed that the cross-linking processes were more efficient when the samples were prepared at 80˚C with the catalyst concentration in the range between 5% and 7%. Using different light modulation frequency procedure it was observed that -OH and -CH 2 -groupings were more concentrated near surface, showing a larger concentration gradient for -CH 2 -than -OH. In addition, the thermal diffusivity analysis did not present a tendency that could be used for understanding the cross-linking process, although, the average value of the product ρc p were 1.6 (J K cm −3 ) for the grafted polymer and 2.5 (J K cm −3 ) for the copolymer, respectively. It is suggested that grafted samples present a higher thermal conductivity.
Introduction
Polymeric materials such as plastics, thermoplastics, copolymers, blends and grafted polymers have been employed in industries for producing a wide range of goods used in everyday human life. It is recognized that polyethylene (PE) is one of the most important polymers. One of the special characteristics of this material is its ability to present low electrical conductivity when modified by the cross-linking processes. It is known that this property is essential for the use of this material as electrical insulating [1] . In addition, besides its low electrical conductivity, this modified PE presents high efficiency of heat dissipation, which is also an important characteristic of an electric insulator since heat generated by 3 Author to whom correspondence should be addressed.
Joule effect can be cumbersome and may damage the insulating layer of the wire.
There are two main cross-linking techniques: the radical cross-linking initiated by peroxides, and the one via copolymer. The copolymer ethylene vinyltrimethoxy silane (EVS) and the grafted vinyltrimethoxy silane (VTS) on low density PE (LDPE), when cross-linked by means of water-saturated vapour, combine low electrical conductivity with high heat transfer efficiency [2] . As a consequence, PE is used worldwide as electrical insulating wires. These materials are especially indicated for applications that require high temperature conditions. It is known that these cross-linked materials present some structural differences. In the silanegrafted PE, the VTS is grafted to the polymer chain through the removal of H
• from the main chain, resulting in a C2 bridge bonded to the trimethoxysilane (TS) radical. In the EVS copolymer system the TS is introduced during the polymerization and the TS group is bonded to the main chain through the silicon atom. At first, this leads to immediate changes with respect to storage conditions since the process via peroxide is much more unstable than that using copolymer.
In the last few years, the properties of silane grafted PE have been the subject of many studies investigating crosslinking kinetics [3] [4] [5] and also the morphological changes induced in the polymer chain [6] [7] [8] . According to Palmlöf and co-workers [3] , many important factors should be considered such as temperature, catalyst and water concentrations, because they may affect the cross-linking kinetic. On the other hand, Sen and co-workers [4] pointed out that melting and crystallization in PE are related to sol-gel phase ratio and that these phases may undergo separation depending on the crystallization conditions. Muller and co-workers [5] proposed that a so-called self nucleation/annealing technique could be used for thermal fractioning of polymers. This method was used to monitor qualitatively the distribution of co-monomers in copolymer of PE. Besides, it was pointed that it could be applied to study heterogenic structures that can suffer crystallization.
Wong and co-workers [6] studying grafting and crosslinking reactions in PE (high density-HDPE and low density-LDPE) modified with organosilanes observed that lamellas distribution is better seen in LDPE than in HDPE. In addition, the authors have shown that humidity diffusion and silane souts distribution are dependent on micro structure and morphology of PE.
The influence of the size of the spherule type on the PE resistance against dielectric rupture has been discussed by Hosier et al [7] . The electric rigidity is enhanced if the PE is crystallized in order to allow the increase of size and number of spherules. In the specific case of the wiring power delivery system, thermal overloads on the PE coatings may cause expressive changes in the morphologic structure of the polymer. As a consequence, the dielectric stiffness is drastically reduced and power loss is likely to happen [8] .
Considering that dielectric rupture is known to occur in power delivery systems, the aim of this work was to investigate the best condition for the cross-linking process in PE when it is submitted to different conditions of water vapour for condensation reaction. The study is divided into two parts, one for spectroscopic and another for thermophysical analysis. The condensation reaction is focused as the main base for a spectroscopic analysis of the cross-linking processes in the near infrared range. The photoacoustic spectroscopy (PAS), which is a non-destructive technique and allows spectroscopic analysis in the visible and infrared range, was used [9] [10] [11] [12] . The advantage of using this method is that it can be applied in non-homogeneous samples such as with the polymers studied in this work. It is expected that the absorption bands can provide information about the cross-linking processes of the samples. The experiments were performed from 800 to 3200 nm, once the overtones of hydroxyl bonds and their combination with stretching modes of CH bonds are found either more defined or separated in this spectral range. In the thermophysical studies photo thermal methods were used for measuring specific heat and thermal diffusivity. Gel content and crystalline degree were also measured in order to have insights about the correlation between the cross-linking rates and the variables used. Figure 1 shows the overall cross-linking mechanism of silane grafted PE and EVS copolymer, respectively [13] [14] [15] . Vinyl silane can be grafted to the polymer chain after initiation by a small amount of added peroxide. In the course of graft copolymerization reaction based on the free radical reaction, a radical is generated on the backbone of the polymer chain. It can react with the vinyl insaturation of the VTS for grafting the molecule, resulting in a -CH 2 -CH 2 -bridge to the TS [6, 13] . In the cross-linking reaction of an ethylene EVS copolymer the TS group is bonded directly to the main chain through the silicon atom, note that the silane groups were introduced already during polymerization. As a consequence, the ramification network in the grafted PE is larger and presents higher mobility (figure 1(a), structure I) as compared to the EVS copolymer (figure 1(b), structure I).
Experimental

Sample preparation
In the presence of moisture and condensation catalyst, the alkoxy group of the silane derivative is converted into silanol group and undergoes a condensation reaction to form 'Si-O-Si' type network. In other words, if one looks at the structure-I in figure 1(a) and (b), the presence of structural water leads to the formation of silanol groups (structure II). Those groups are then cross-linked by condensation of the hydroxyl radicals in a lateral chain, the one showed in structure-III. Both the hydrolysis of alkoxy silane to silanol and the condensation reaction occur almost instantaneously [14] .
Commercial pellets of EVS copolymer (200 g) were extruded with three different concentration of catalyst (Union Carbide Co., DBFB544480, 0.34 wt% of dibutyl-tin-dilaurate) that is used as cross-linking initiator. The pellets were then milled in a knifed mill suitable for polymers. After this step the pieces were hot pressed in order to form the copolymer films (85-595 µm thick) and placed in a freezer after being locked in special packing.
The pellets of LDPE (600 g) were kept in an oven at 80˚C for 12 h and after that they were grafted with 40 ml of VTS, the reaction being initiated by 2.5 g of benzoyl peroxide during 1 h of stirring. The grafted LDPE was then extruded using the same amount of catalyst as in the EVS copolymer described above, keeping a constant stirring velocity, torch rate and temperature. The final grafted LDPE, after being ground, was hot pressed to make films with thicknesses varying from 90 to 385 µm, which were maintained in adequate recipients and kept in a freezer before the cross-linking process.
The grafted (LDPE + VTS) polymer (hereafter named as PE g ) and the EVS copolymer (named as Cop) films were crosslinked in humidity saturated atmosphere in a glass reactor for 8 h. The process was performed in a thermostatic controlled bath at different temperatures. In this way, a 3 2 factorial planning design has been applied, the temperatures 70˚C, 80˚C and 90˚C were used and the catalyst concentrations were 3%, 5% and 7% w/w. It resulted in nine experiments for each set of sample, as shown in table 1. Figure 2 shows the home made experimental arrangement for the spectroscopic analysis. The light is obtained from a 1000-W xenon lamp (ORIEL 68820). Emitted light is collimated into the inlet slit of the monochromator (ORIEL 77250) which is settled to refract visible light by means of grating in the visible region (ORIEL 77296, λ = 180-800 nm or 55 555-12 500 cm −1 ), near infrared (ORIEL 77299, λ = 800-1600 nm or 12 500-6250 cm −1 ) and medium infrared (ORIEL 77300, λ = 1600-3200 nm or 6250-3125 cm −1 ).
Photoacoustic spectrometer
The diffracted wavelengths pass through an outlet slit 3 mm wide and after leaving the monochromator the superior orders of diffraction are eliminated by means of special optical filters with λ cut-off = 380, 540, 900 and 1600 nm. Monochromatic light is modulated using a mechanical chopper (Stanford SR 540) that generates the reference pulse that goes to the lock-in amplifier (EGG 5110). The collimated and modulated light is focused using two quartz lenses (f 1 = 100 mm and f 2 = 150 mm). The beam is directed onto the photoacoustic cell, passing by a quartz window and heating the sample. The cell body has a sensitive capacitive microphone coupled in (Brüel and Kjäer BK 2669). The photoacoustic signal is collected by the microphone and fed into the lock-in. A personal computer (PC) drives an IEEE boarding to perform the signal detection and wavelengths scanning. The PAS acquisitions were all done using the frequency of 20 Hz and light power of 800 W. The photoacoustic effect rises as an acoustic signal inside a tightly closed cell filled with gas. The acoustic signal comes from a sample that transfers heat to the gas after being illuminated by the modulated light in a given frequency (ω). The heat is transferred into the gas at the same frequency as sample is heated producing the periodic pressure fluctuation inside the chamber. A sensitive microphone coupled in the cell detects this effect.
The photoacoustic signal is related to sample's temperature and it is given by the equation:
In this equation, γ is the specific heat ratio c p /c v , σ g is the gas complex diffusion coefficient; P 0 and T 0 are the ambient pressure and the room temperature, respectively. The instrumental phase is φ f and the gas column depth is l g , and θ(0) is the interface sample-gas temperature, obtained by solving the coupled set of diffusion equation for the adjacent medium: gas, sample and sample backing. Rosencwaig and Gersho [9] showed that θ(0) depends on certain boundary conditions imposed by both heat flow and temperature continuity at the interfaces. It is dependent on thermal and optical parameters of the sample, backing and also may be affected by thermal properties mismatching at the interfaces. In the spectroscopic analysis, the signal is mainly ruled by the parameter β (cm −1 ), optical absorption coefficient at a wavelength (nm or cm −1 ) [9] . The spectral range of interest here is 700-2600 nm (14 285-3845 cm −1 ) corresponding to NIR and MIR region, where the absorption bands are mainly due to overtones and combination of the fundamental modes of vibration and rotational bands. The many possible combinations such as stretching, bending, scissoring and wagging make it difficult to assign the fundamental absorption.
The molecules present a harmonic behaviour for highenergy vibrational states and also present a tendency of dissociation if the bond has a high potential energy. In this case, the vibronic state no longer can behave as a harmonic oscillator and an anharmonic state takes place.
It can be shown that for an anharmonic oscillator the energy is given by [16, 17] 
Here x e and y e are anharmonic constants, η is the quantum level index and ν osc = c/λ 0 , c is speed of light and λ 0 is the fundamental absorption peak in nm or cm −1 . The most remarkable feature of such a molecular anharmonic vibration is that transition for more than one energy level is allowed. The overtones transition rate is increased and it reduces the transition probability for higher energy levels, so that the first overtone is weaker than the fundamental and so weaker will be the second one. The overtone may occur at wavelength between λ 0 /2 and λ 0 /3 and thus the overtones for a specific molecule do not occur at the same spectral region.
The optical absorption in the near infrared region is dominated by stretching modes of O-H, N-H and C-H bonds. The overtone bands can be better isolated in the NIR and MIR region due to the anharmonic constant variation and also due to the better instrumental resolution.
By means of the PAS method, in the region from 1050 to 2600 nm (9523-3846 cm −1 ) it was possible to identify and assign the absorption bands for the silane-grafted PE and EVS copolymer, referring to the overtones and their combination with stretching modes.
Results and discussion
Spectroscopic analysis: band's assignments
Prior to any PAS analysis the effects of the catalyst chromophores for both Cop and PE g were checked by taking the slopes of the eight assigned peaks against catalyst percentage. Although these results are not shown, they presented a linear behaviour, with the slopes for PE g being slightly greater than those for Cop. The relation between signal intensity and chromophore absorption implies that the RG conventional model, equation (1), can be readily applied in the spectroscopic analysis.
As already discussed earlier, the usage of the PAS was necessary in order to follow the overtones of the absorption bands referring to hydroxyl bonds and their combinations with stretching modes that were observed in the spectra. This was an efficient way to follow the raising of the cross-linking process.
The PAS spectra (NIR and MIR) for grafted PE with VTS (coded as PE g 5%80˚C) are shown in figure 3. For ease of understanding the spectra were plotted in two scales for the wavelengths, in cm −1 and in nanometer. This is a representative spectrum observed for both sets of samples, grafted PE and EVS copolymer. The whole set of PAS spectra is not shown but the same absorption structure was observed, despite small differences in the intensities. Furthermore, the absorption bands could not be straightforwardly related to the silanes group. The observation of these groups could be very helpful as they indicate directly the cross-linking process in the material. Unfortunately, FTIR experiments could only show that silane group was present and that the cross-linking process was initiated, but they were not able to show any evolution that would help us in this study. Therefore, the adopted procedure for analysing the PAS spectra was done performing a Gaussian fitting of the curves, setting the eight most prominent peaks observed in figure 3 . The analysis strategy was to take the ratio of intensities for two distinct peaks, performing normalization with respect to the same ratio of its respective 'base'. The following equation was used in this analysis [18] : Table 2 summarizes the assignments for all mean peaks for further analysis. The column named 'peaks' is the labelled peak presented in figure 3 . The assignment of the optical absorption bands was done as those reported before for PE [13, 15, 19, 20] .
By returning to figures 1(a) and (b) to revise the condensation reaction involved in the cross-linking processes for both PE g and Cop, one can conclude that cross-linked samples should present a reduction in the PAS absorption attributed to -OH groups. Thus, based upon equation (3), it follows that a smaller PAS intensity ratio (i, j ) will reflect a greater number of cross-links, once the silane groups are crosslinked by means of reducing the hydroxyl radical amount. Following this statement all ratios (i, j ) were plotted in figures 4 (NIR) and 5 (MIR). These two figures are only representatives for the PAS intensity ratios, vertical axis. The horizontal axis gives us only a better visual sight of these ratios from sample to sample. In order to evaluate the dispersion of the ratios of the peaks the error propagation was performed using equation (3) . This was done after replacing the samples inside the PA-Cell three times and collecting the PA signal in all significant wavelengths marked in table 2. To avoid any random errors, samples named base and with catalyst at 3%, 5% and 7%, were prepared again. A few of them were taken to the cross-linking process, being analysed after that. The error propagation was estimated for the peak ratios and plotted in figures 4 and 5. The overall error for the ratios ran from 12% to 28% and the maximized errors were plotted in those figures. Looking at the normalized peak ratios plotted in figures 4(a)-PE g and (b)-Cop, referring to the NIR PAS spectra, one can see that the ratio, peak 1/peak 2, shown in figures 4(a) and (b) (curves for the 5% sample), were the most prominent and, in contrast, the ratio peak 2/peak 3, not given here, showed a valley that is a mirror of the peak seen in figures 4(a) and (b). The valley refers to the ratio [(first overtone of Si-OH)/(ν CH + -CH 2 -, -CH 3 )] and also indicates that the combination group's contribution to PAS intensity is present. These ratios mainly show, that either PAS intensities assigned for Si-OH decreased or the PAS ratio for -CH 2 -, -CH 3 and stretching combination ν CH with the -CH 2 -and -CH 3 groups increased. This result shows that samples PE g 5%80˚C and Cop5%80˚C were the best cross-linked. Still considering figure 4(a) , sample PE g 7%80˚C appears to be also cross-linked but less than PE g 5%80˚C, while all samples Cop7%, figure 4(b) , showed almost no change. The poorest cross-linked set was that with 3% of catalyst samples. For both PE g and Cop in figure 4(a) and (b), almost no changes can be seen in the curves for 3%, as indicated by the ratio of [(second overtones of -CH 2 -and CH 3 -)/(first overtone of Si-OH)] which is almost constant. Figure 5 shows the PAS intensities for normalized peak ratios in the MIR region; see figures 5(a) for PE g and (b) for Cop. In both figures the normalized peak ratios are plotted for PAS absorption band assigned for first overtone of -CH 2 -, combination of free -OH and combination of ν CH with -CH 2 -. According to the strategy of analysis it was concluded that sample PE g 5%80˚C seems to be the best crosslinked in this spectral range, figure 5(a) curves named 5%. By analysing the plot ratios for PE g 3% and PE g 7%, one can see a decrease in both plots, indicating a poor cross-linking reaction (see figure 5(a) curves 3% and 7%). If one considers figure 5(b) it is possible to see some degree of cross-linking for samples Cop3%80˚C, Cop3%90˚C, Cop5%80˚C and also for Cop7%70˚C. While the increase in these normalized plot ratios, for the MIR range, was almost of the same ratio (∼1.2) for both PE g and Cop (figures 5(a) and (b)), in the NIR range, a ratio near to 4.0 was observed for PE g 5%80˚C ( figure 4(a) ), and near 3.0 for Cop5%80˚C ( figure 4(b) ).
The overview on these results shows that by following first overtone of free OH and the combination of stretching frequencies for -CH 2 -and -CH 3 groups in the NIR, and also the first overtone of -CH 2 -and combination frequencies of free OH in the MIR range, one can get some insights about the cross-linking process in both polymers, grafted PE with VTS and EVS copolymer. The combination of the temperature of 80˚C and 5% of catalyst was enough to allow good cross-linking.
Frequency scan of PAS intensity
In this part of the work, the experiments were performed as a function of the light modulation frequency at some specific wavelength, in order to monitor the cross-linking effects that would be present in the sample set of table 1. Light modulation frequency were varied from 10 to 100 Hz at the wavelengths 1732 nm (peak 4 assigned as first overtone of -CH 2 -groupings), 1850 nm (peak 5 attributed to free OH combinations), 2300 nm (peak 7 combination of -CH 2 -groups) and 2400 nm (peak 8 also -CH 2 -combination). Figure 6 shows some of these plots. Based upon them it was possible to monitor each of the PAS intensities for these peaks. Such scanning procedure allows making studies of depth profile distribution for the absorption groups beneath the surface of the polymer. This information is also very important because the cross-linking activation is believed to start at the polymer surface. By fitting the log-log plots of PAS intensity against frequency of pulse for all representative peaks described in the last paragraph, it was observed that the absorption band intensities showed a negative slope, varying as ω −a , where ω is the angular modulation frequency in Hertz and the fitted parameter 'a' is the slope. It was observed that 'a' varied from 0.83 to 1.28 for the peaks from PE g samples and that it runs from 0.90 to 1.57 for the Cop samples. These results are summarized in table 3.
According to the photoacoustic theory the modulation frequency can be used as a probe by means of the expression µ(ω) = (2α/ω) 1/2 . Where, α is the polymer bulk thermal diffusivity and µ is the thermal diffusion length at a specific frequency (ω). It means that µ is ruled by ω. So, at lower frequencies the photoacoustic intensity is mainly produced by the polymer bulk absorption while, at higher frequencies, the intensity is due to polymer surface absorbing groups.
In a previous study in impregnated LDPE, Ganzarolli and co-workers [19] proposed that if the slope 'a' is less than (−3/2) one can assume that the absorption group that is generating the PAS signal may be more concentrated in the polymer surface rather than in its bulk. The consequence of this is that the sample might have a non-uniform thermal diffusivity (α).
On average, the frequency scanning at the first overtone of -CH 2 -and free OH combination, peaks 4 and 5, showed no differences for the PE g series. The PAS intensity slopes were figure 6(a) . b Shown in figure 6 (b). * * * Either same slope as for 10-60 Hz range or noisy data.
found to be S f ∼ ω −0.8 and S f ∼ ω −0.9 , respectively, while it was observed that S f ∼ ω −1.3 for both peak 7 and peak 8. In contrast in the Cop series the PAS intensity slopes were observed to be different for peak 4, S f ∼ ω −1.2 , and peak 5, S f ∼ ω −1.0 . For peaks 7 and 8 the PAS intensity slopes were almost indistinguishable, remaining in the range between S f ∼ ω −1.4 and S f ∼ ω −1.5 . Although the peak intensity slopes have not shown any distinct cross-linking effect for both series, PE g and Cop, by using frequencies scanning it was observed two different slopes that are shown in figure 6(b) . It appears that groupings -OH (peak 5) and -CH 2 -(peak 7) have greater concentration in the polymer surface rather than in their bulks. In addition, figure 6 suggests a greater concentration for -CH 2 -than for the -OH grouping. Another conclusion that one can retrieve from intensities slopes is that grafted PE samples present a greater concentration of absorbing groups at the surface than the Cop samples.
This conclusion is reinforced by the anlysis of PAS spectra at 20, 40, 50 and 80 Hz, in the range between 1600 and 2600 nm for samples PE g . It was observed that the peaks assigned for -CH 2 -and -OH decrease at higher frequencies, but the decrease is more pronounced for -CH 2 -groups (by comparing PAS spectra at 20 and 80 Hz).
Thermal properties and structural analysis
In the chemical analysis, the gel content was determined by weighting the samples two times, one as they were cross-linked and the other after exposing them to an appropriate solvent that removes the amorphous parts. This analysis indicates the cross-linked phase amount, since this region has very low solubility when exposed to the solvent. Also, under contact with solvent, the gel phase provokes intumescences of the polymer [21] . In addition, the crystalline degree of the gel phase is determined by x-ray diffraction and in this work, this degree was calculated by means of the following expression [22, 23] :
Crystal. fraction Crystal. fraction + Amorphous fraction 100%
The crystalline fraction was obtained by integrating the peak area from two peaks, one for assigned crystalline plane [110] at 2θ ∼ 21.6˚and the other for plane [200] at 2θ ∼ 24.2˚. The amorphous peak was integrated with the centre at 2θ ∼ 20.1˚. The factor in the numerator of equation (4) is the integrated total area of the polymer x-ray diffraction pattern. In table 4 the calculation of the gel content and crystalline percentage are summarized. An apparent increase in the gel content with temperature can be observed for all catalyst concentration. The PE g 5%80˚C and PE g 5%90˚C present nearly the same value of PE g 7%. Also it can be seen that PE g samples present lower gel content than that for Cop. This result can be associated to a peculiar increasing of the cross-linking since in the measurements the light frequency scanning results indicate that PE g has more remarkable cross-linking effects at the surface compared to the Cop, where it looked to be spread out in the bulk.
In the analysis of crystalline degree, when similar samples are compared, one can see that it decreases with temperature and it is larger for PE g than Cop samples. The conclusion one can take from the observed effects is that if the sample is cross-linked at higher temperature, the cross-linking degree is enhanced and, in contrast, the crystalline degree decreases. It appears that there is a competition between cross-linking and crystalline degree and it is reasonable to say that 80˚C appears to be the optimum point for sample preparation.
The thermal diffusivity measurements were performed using the thermal lens (TL) method [24, 25] . The results are given in table 4. The measurement of the specific heat was done using the non-adiabatic thermal relaxation method [26, 27] based upon transient heating with laser and rising of the temperature of the sample is monitored by a thermocouple [28] . Table 4 also shows the mass density that was measured by means of a calibrated pycnometer.
The thermal properties results shown in table 4 are related to each other by means of the expressions α = κ/ρc p and e = (κρc p ) 1/2 from which thermal conductivity and thermal effusivity were calculated. It appears that the thermal data does not present a pattern that could be used for understanding the cross-linking process. However, if one looks at variables, such as temperature and catalyst, the results suggest that the range from 80˚C to 90˚C and 5% to 7% of catalyst are pointing the direction for the better cross-linking rate for both PE g and Cop. Furthermore, the highest thermal conductivities were found for PE g 5%80˚C (∼16 mW cm −1 K −1 ) followed by PE g 7%70˚C (∼7 mW cm −1 K −1 ). In the case of the Cop, the Cop7%70˚C was the most thermally conductive, approaching 15 mW cm −1 K −1 , followed by the Cop7%80˚C (8 mW cm
). Yet, the alteration in the microstructure is expected to greatly change the physical properties of the sample in the cross-linking process. Thus, it may be also pointed out that the volumetric heat capacity shows a qualitative trend. Data from ρ and c p presented a very small variation for both PE g and Cop (table 4) . Using the product ρc p , the volumetric heat capacity, it was found that average values for ρc p (PE g ) and ρc p (Cop) were ∼1.6 and ∼2.5 (J K −1 cm −3 ), respectively. This indicates that PE g samples could present a higher thermal conductivity than Cop samples, if the relationship α = [κ/ρc p ] is considered.
Conclusion
In this work, it was shown that PAS is a capable technique for evaluating cross-linking rate in grafted PE with VTS and also in the EVS copolymer, by analysing the overtones absorption bands in the NIR and MIR range and the combination with stretching modes. The PAS indicates that among all variables used in the cross-linking process, the best ones were 80˚C and catalyst in the range from 5% to 7%.
In the frequency scanning analysis no distinct crosslinking effect either series PE g or Cop was observed. However, this analysis located groupings -OH (peak 5) and -CH 2 -(peak 7) as being more concentrated at the surface than in the bulk, showing a larger gradient for -CH 2 -than -OH grouping. Intensity slopes indicate that grafted PE samples present these absorbing groups more at the surface when compared to Cop samples.
In the thermal properties analysis, the data may be considered as qualitative because the results do not appear to show the existence of a clear tendency for either temperature or catalyst percentage. But, if similar samples of PE g and Cop are compared, the majority of Cop present larger gel percentage ∼67%, lower crystalline degree, greater value of ρc p (Cop) ∼ 2.5 (J K −1 cm −3 ) and so a smaller thermal diffusivity. Some of data does not appear to be consistent with this and it may be pointed out that this should be mainly related to the peculiarity of the TL data when compared to c p data. TL is a very sensitive method that measures the local value of α, where the laser probes an area of the order ∼0.1 mm 2 while the c p is a volumetric probe and uses the whole sample volume, typically ∼0.5 cm 3 . Finally, the photoacoustic data when correlated to gel per cent and crystalline degree indicate that samples crosslinked at 80˚C and catalyst in the range 5-7% presented the best results. That is the so-called 'optimum point' found for the factorial design planning used here that combines the variable of the cross-linking process for the grafted PE with VTS and copolymer EVS. The figure of merit for both variables, temperature and concentration of catalyst, provides important information to be used by the wiring industries to perform dielectric rupture tests in the PE based coatings.
